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Abstract 
The study focusses on investigating the heat treatment of β21S titanium alloy in aerospace 
applications. The aircraft engine components made of this alloy are failing during service; 
believed to be associated with a lack of ductility due to the hardening of the alloy during 
use. To accurately analyse the alloy, the manufacturer recommendations on the aging 
process was to be utilised, where a range was given in the material properties sheet 
(Appendix A). Four conditions were treated in this range to find the most effective heat 
treatment; 566°C for 8 hours, 566°C for 16 hours, 679°C for 8 hours, and 679°C for 16 
hours.  
 
After the heat treatments were applied, and appropriate preparation was completed, 
hardness tests on each set of heat treatments were completed. The heat treatment with 
the lowest hardness, and therefore the best ductility, was the condition of 679°C for 8 
hours. To further investigate the heat treatments, the peak hardness condition for the 
material was used to represent the industry condition that was being simulated in the 
testing process. Previous work has found that the alloy is at its peak hardness at 400°C 
after 72 hours, which corresponds well with the in-service temperature and time of 
failure. This thesis aims to discover a heat treatment that can withstand this temperature 
and resist hardening, whilst maintaining the ductility. 
 
Tensile tests were applied to four sets of properties: as-received or virgin material, 
industry-use condition material, industry-use then aged material, and finally aged then 
industry-use material, where the aging condition was the previously found 679°C for 8 
hours. What was concluded was that the as-received samples had significantly better 
properties in terms of ductility as expected, and the peak-hardness condition material had 
the worst properties. The material that performed the best, besides the virgin material, 
were the specimens that were optimally heat-treated at 679°C for 8 hours first, and then 
underwent peaked industry condition of 400°C for 72 hours.  
 
Whilst a conclusion was reached in this regard, further testing involving more samples, 
more temperature and time variations, and potentially different variations of heat 
treatment applications than the ones completed, would allow for a more thorough 
analysis and result. 
 ii 
 
Acknowledgements 
This thesis would not have been able to be written without the aid of certain individuals 
that are far more capable and knowledgeable than I in a university setting and in everyday 
life. 
 
I will of course like to thank my supervisor Michael Bermingham, where a fair amount of 
creativity and innovation that stemmed from the project was conjured up in any free time 
he had in his frantic work schedule. Brandon Sue who also has Michael as a supervisor 
and worked alongside me, has also been immensely helpful and grounding so even if I felt 
I was in too deep with this thesis, there was someone else going through the exact same 
thing. 
 
I would also like to thank Jonathan and Daniel for their guidance and instructions on the 
safe and effective use of all equipment that I required for my experiments. Sonia Dong will 
also need to be thanked for clarifying my methods whilst Jonathan and Daniel weren’t 
there, and that what I was doing was still not going to kill me. I also appreciate the time 
and energy spent from my partner Holly, from the continual drafting, to the supporting 
me through the constant tearing-my-hair-out moments. 
  
I am also deeply grateful for the seemingly never-ending love and support from Desmond 
and Ita Wilson throughout the entirety of my education endeavours, without them I most 
likely would have turned out to be a sugar-cane farmer in Fiji. 
 
 
 
 
 
 
 
 
 
 
 
 iii 
 
Contents 
1 Introduction .............................................................................................................................................. 1 
1.1 Motivation ........................................................................................................................................ 1 
1.2 Purpose, Aims, And Objectives ................................................................................................. 1 
2 Literature Review ................................................................................................................................... 3 
2.1 Titanium ............................................................................................................................................ 3 
2.2 Titanium Phases............................................................................................................................. 3 
2.2.1 Phase Transformations ...................................................................................................... 5 
2.3 Titanium Alloys .............................................................................................................................. 6 
2.4 Titanium β21s Alloy ..................................................................................................................... 9 
2.5 Heat Treatment of Titanium Alloys ...................................................................................... 10 
2.6 Precipitation Hardening ........................................................................................................... 11 
2.6.1 𝛽 Ti Alloy Precipitation Hardening .............................................................................. 12 
2.7 Metallography and Microstructures of Titanium............................................................ 13 
2.7.1 Macro-examination ............................................................................................................ 13 
2.7.2 Micro-examination ............................................................................................................. 14 
3 Experimental Method ......................................................................................................................... 16 
3.1 Materials and Preparation ....................................................................................................... 16 
3.2 Heat Treatment Process 1 ........................................................................................................ 16 
3.2.1 Peaking ................................................................................................................................... 16 
3.2.2 Heat Treatments ................................................................................................................. 17 
3.3 Material Testing 1 ....................................................................................................................... 17 
3.3.1 Mount ...................................................................................................................................... 17 
3.3.1 Grinding .................................................................................................................................. 18 
3.3.2 Polish ....................................................................................................................................... 18 
3.3.3 Etching .................................................................................................................................... 19 
3.3.3 Hardness Test ...................................................................................................................... 19 
 iv 
 
3.4 Heat Treatment Process 2 ........................................................................................................ 19 
3.4.1 Industry Use Condition Then Heat-Treated ............................................................. 20 
3.4.2 Heat-Treated Then Industry Use Condition ............................................................. 20 
3.5 Tensile Tests .................................................................................................................................. 20 
3.6 Analysis Method ........................................................................................................................... 21 
3.6.1 Microscopic Structure ....................................................................................................... 21 
4 Results and Discussion ...................................................................................................................... 22 
4.1 Hardness Tests ............................................................................................................................. 22 
4.2 Tensile Tests .................................................................................................................................. 23 
4.2.1 Quantitative Results .......................................................................................................... 23 
4.2.2 Tensile Bars Visual Observation ................................................................................... 29 
4.3 Microstructure .............................................................................................................................. 30 
5 Conclusion .............................................................................................................................................. 35 
6 Recommendation For Further Studies ........................................................................................ 36 
7 References .............................................................................................................................................. 37 
8 Appendices ............................................................................................................................................. 39 
Appendix A: Timetal 𝛽21𝑠 Material Information ........................................................................ 39 
Appendix B: Microstructure Photos ................................................................................................. 40 
Appendix C: Tensile Testing Previous Data ................................................................................... 45 
Appendix D: 400 Degrees 72 Hours Peaked Condition Results ............................................. 45 
Appendix E: Experimental Equipment Images ............................................................................. 46 
Appendix F: Tensile Bar Geometry[28] ........................................................................................... 50 
Appendix H: Tensile Test Raw Data .................................................................................................. 51 
 
 
 
 
 v 
 
List of Figures 
Figure 1: One third of an HCP unit cell crystal structure[6]........................................................... 4 
Figure 2: US titanium alloy compositions phase diagram[13] ...................................................... 6 
Figure 3: Precipitation hardening example[25] ............................................................................... 12 
Figure 4: Effect of heat treatment for lean beta alloy Ti-10V-2Fe-3Al. (a) Below beta 
transus. (b) Just below beta transus. (c) Above beta transus[16] ............................................. 14 
Figure 5: Heat treatment hardness test results ................................................................................ 22 
Figure 6: Virgin samples tensile results ............................................................................................... 24 
Figure 7: Peaked samples tensile results............................................................................................. 25 
Figure 8: Industry then heat-treated samples tensile results ..................................................... 26 
Figure 9: Heat-treated then peaked samples tensile results ....................................................... 28 
Figure 10: Tensile bars (a) Virgin sample. (b) Industry use condition sample. (c) Optimally 
heat-treated then industry peaked sample. (d) Industry peaked then optimally heat-
treated sample. .............................................................................................................................................. 29 
Figure 11: Tensile bars breaking point (a) Virgin sample. (b) Peak-hardness sample. (c) 
Heat-treated then peaked-hardness sample. (d) Peak-hardness then heat-treated sample.
 .............................................................................................................................................................................. 30 
Figure 12: B21s alloy micrographs after etching with Kroll's reagent with 50x microscopic 
zoom for (a) As-received from past thesis.[21] (b) 400°C for 72 hours (peaked). (c) 679°C 
for 8 hours (optimal aging). (d) 679°C for 8 hours (optimal aging) then 400°C for 72 hours 
(peaked). .......................................................................................................................................................... 31 
Figure 13: Micrographs from B21s alloy after etching with Kroll's reagent for 50x zoom 
(a) 566°C for 8 hours. (b) 566°C for 16 hours. (c) 679°C for 8 hours (Same as Figure 12 
(c)). (d) 679°C for 16 hours. ..................................................................................................................... 33 
 
  
 vi 
 
List of Tables 
Table 1: Titanium beta alloy advantages and disadvantages[18]................................................ 9 
Table 2: Tensile test numerical results ................................................................................................ 23 
 
 
 
 
1 
1 Introduction 
1.1 Motivation 
The efforts of improving materials of use in the aerospace industry is a never-ending 
endeavour. The focus overall is to reduce the failure frequency of aircraft, which then 
decreases the aircraft’s down-time, and will therefore increase the company’s efficiency 
and cost effectiveness. This thesis focuses primarily on the use of β21S titanium alloy in 
aircraft components. 
 
β21s is a metastable beta titanium alloy that is particularly useful in high temperature 
applications typically between 228 °C and 593 °C. It “… has been specifically designed for 
improved oxidation resistance, elevated temperature strength, creep resistance, and 
thermal stability…”[1] as well as being resistant to typical aircraft hydraulic fluids. 
 
The alloy’s specific investigation in this thesis was due to unexpectedly early brittle failure 
in industry use; suspected to be due to precipitation hardening. Information regarding the 
reasoning behind the failure is unclear due to the limited research into the β21s alloy in 
the industry thus far. The material’s failure will be attempted to be solved with this 
research by investigating a variety of heat treatment temperatures and aging times to 
discover which aging condition will produce the most ductile properties in the alloy. 
 
The thesis’ scope specifically focusses on the expected heat applications of aerospace 
components, in terms of which heat treatment produces the most hardness resistive 
response in the alloy.  What is out of scope is non-aerospace applications of β21s titanium 
alloy, which may have different specifications and requirements, such as lower ductility 
or a higher ultimate failure strength. It is assumed that all testing parameters were 
accurately set according to manufacturer specifications during the experimental process. 
1.2 Purpose, Aims, And Objectives 
The primary objective of the research is to solve an issue with the β21S alloy, upon which 
the material was failing before expected or desired. This goal can be outlined in the two 
following sub-goals: 
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1. A heat treatment process with unique conditions will be discovered that will be 
applied to the un-treated alloy to satisfy the material requirements of the industry. 
This could then be applied to any new β21S alloy instead of the existing methods. 
2. An improved method of heat treating the used material is to be made that will 
reverse the effects of the precipitation hardening of the alloy, and allow a more 
ductile response. 
This information will contribute to the future use of titanium β21S alloy to improve the 
ductility, strength, and heat treatment quality of the material.  
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2 Literature Review 
2.1 Titanium 
Titanium alloys were first extracted commercially in 1932 through the “Kroll process”, a 
process of which relied on combining TiCl4 with calcium, then progressing to magnesium. 
This is now the most widely used process for titanium extraction.[2] 
 
Titanium alloys have strengths in its mechanical properties that encourage its use in fields 
such as the aerospace,[2] biomedical, and chemical industries. The main advantages of 
titanium are:[3] 
• The low Young’s Modulus which allows for flexibility and for the material to change 
its shape under loads. 
• A high specific strength, i.e. high strength to weight ratio of the alloy, defined as the 
material’s strength over its density. Titanium’s density of 4.5 g cm-3 makes it the 
heaviest light metal. 
• Biocompatibility, meaning the alloy can co-exist in living system and tissue without 
rejection from the body. 
• Corrosion resistance, allowing for an increased ability to withstand damage by 
chemical reactions such as oxidation. 
• Good formability, allowing plastic deformation to occur without physical damage.  
 
Titanium alloy is the ninth most plentiful element, but finding it in high concentrations 
and in a pure state is rare, and therefore processing it in batches is at a high cost.[2] 
2.2 Titanium Phases 
The physical properties of titanium are primarily based upon the metallic bonding of the 
atoms within the material, this is known as the crystal lattice.[2] Along with the crystal 
lattice structure, the temperature, pressure, and alloying additions contribute to the 
material’s properties, producing multiple different phases. There are four main types of 
forms that the unalloyed titanium can exist as; this meaning that the material undergoes 
allotropic transformations. These four phases can then be either equilibrium or non-
equilibrium phases. 
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Titanium Alpha Phase  
At low temperatures, titanium forms an alpha phase (𝛼), this existing up to 882°C. The 
internal structure of the material is formed in a hexagonal formation that is closely 
packed, referred to as a hexagonal closed packed (HCP) structure.[4] The dimensions of 
the phase typically are described as a ratio; being 1.587 for the 
𝑐
𝑎
  ratio as shown in Figure 
1.[5] 
 
Figure 1: One third of an HCP unit cell crystal structure[6] 
Titanium Beta Phase 
At higher temperatures, titanium forms a beta phase (𝛽), typically existing beyond 882°C. 
The material undergoes a transformation to a body-centred cubic (BCC) atom structure, 
where the atoms touch along the atoms diagonals. The 𝛽 in the material remains stable 
up to the melting temperature.[4, 5] Other elements are also added to stabilise the 
titanium, which decreases the temperature required to achieve 𝛽 alloy, and in doing so, 
initiates a temperature range for the coexistence of 𝛼 and 𝛽 alloy.[7] 
 
Titanium Non-Equilibrium Martensitic Phases 
Two types of non-equilibrium phases that exist are 𝛼′ and 𝛼′′; the former is developed 
during immediate quenching from 𝛽 phase with a hexagonal crystal structure, and the 
latter formed through diffusion-less transformation during either fast quenching or stress 
application.[7] This lack of diffusion is due to the quenching happening at such a rate that 
atoms cannot diffuse, and thus cannot become ductile. The process is known as 
martensitic transformation. 
 
Titanium Omega Phase 
A metastable omega phase (𝜔) is developed in the alloy’s transition from 𝛽 to 𝛼; forming 
a major role in 𝛼 precipitation. A metastable phase is defined as stable as long as nothing 
5 
more than small disturbances are applied to it.  It is either hexagonal or trigonal 
depending on the stage of the transformation.[7] 𝛼 precipitation is essential in the 
ductility outcomes of the treated alloy. 
 
2.2.1 Phase Transformations 
𝛽 titanium alloys can be further classified into equilibrium phases or non-equilibrium 
phases. Equilibrium phases form only when sufficient time is given for the phase 
transformation to reach steady conditions at the lowest possible Gibbs Free Energy;[8]  
where this energy term is defined as a standard free energy change.[9] Non equilibrium 
phases represent a local minima of the Gibbs Free Energy, or due to kinetic constraints, 
represents a “frozen” unstable equilibrium state.[8] The following are varying phase 
transformations that exist for 𝛽 titanium alloy: 
 
Diffusional Transformation 
Diffusional transformation exists for a transition from 𝛽 to 𝛼. This will contribute to the 
final properties of titanium alloy through creating 𝛼 precipitates in the 𝛽 matrix, 
specifically 𝛼 nucleation and growth.[7] Precipitates in the context of material properties 
are solids that are formed during a heat treatment that can affect the strength of the 
specimen. It is noted that this 𝛼 precipitation can be classified into three types based on 
the initiation area, or the “nucleation site”, described by Devaraj:[8] 
i. Allotriomorph 𝛼, which precipitates at the 𝛽/𝛽 grain boundaries. An 
allotriomorph is defined as a structure that’s shape does not reflect its internal 
crystalline symmetry due to producing layers at the grain boundary 
contours.[10] 
ii. Inter-granular 𝛼 precipitation, which grows from the 𝛼 grain boundary into 𝛽 
grains. 
iii. Intra-granular 𝛼 nucleating and growing at 𝜔, dislocations, and inclusion within 
𝛽 grains. 
 
Shear Transformations 
Shear transformations are the transition from 𝛽 to the non-equilibrium martensitic 
phases 𝛼′ and 𝛼′′, occurring through speed activation as opposed to the typical thermal 
methods.[11] 
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Shuffle Transformation 
The 𝛽 transformation to the metastable omega phase 𝜔 which is a result of thermal aging, 
usually accompanied by a reduction in specific volume (typically approximately 5%).[12] 
 
Phase Separation 
Phase separation of 𝛽 to two regions (𝛽1+ 𝛽2), where the 𝛽1 region is rich in 𝛽 stabilisers, 
and the other lean in 𝛽 stabilisers. The primary property that creates this difference is the 
varied lattice parameter, while the crystal structure stays constant; caused by differing 
compositions.[7] 
2.3 Titanium Alloys 
Pure titanium is often alloyed with other elements to alter the mechanical properties of 
the material, although the ease of which solutes dissolve in titanium does create difficulty 
when designing precipitation-hardened alloys. These alloying elements can be 
categorised in relation to the impact on the stabilities of 𝛼 and 𝛽 phases. [5] Figure 2 
provides a variety of US alloy compositions relative to a pseudo-binary titanium phase 
diagram.  
 
Figure 2: US titanium alloy compositions phase diagram[13] 
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Unalloyed Titanium 
Unalloyed titanium is often referred to as commercial purity (CP) titanium, and is the 
most corrosion-resistant type of the metal. The primary difference in CP grades is oxygen 
and iron content, both interstitial elements that greatly strengthen CP titanium. These 
grades predict titanium, where higher purity will denote lower strength and hardness, 
and a lower transformation temperature that the higher interstitial content counterparts. 
CP titanium is commonly used due to its excellent corrosion resistance, especially where 
high strength is not required.[13] 
 
Alpha and Near Alpha Alloys 
𝛼 alloy consist entirely of 𝛼 phase, where aluminium is the major alloying 𝛼 stabiliser. 
There also exists near 𝛼 alloys, containing 1-2% of ductile 𝛽-phase stabilisers.[14] The 
properties following which are specified in Kopeliovic[14] and AZOM[15] include: 
• Easily welded. 
• Good fracture toughness and creep resistance, where creep is the tendency of a 
material to fail over long-term exposure to stresses as opposed to rapid deformation. 
• Moderate mechanical strength which is retained at temperatures up to 600°C. For 
near 𝛼 alloys, the 𝛽-phase present allows for heat treatment and forging in hot state.  
• Low to medium strength. 
• Reasonable ductility. 
• Excellent properties at cryogenic temperature. 
 
There are two types of 𝛼 present in titanium alloys: 
• Primary alpha, created during prior hot-working, and partially persisting throughout 
heat treatment processes. 
• Secondary 𝛼 or transformed 𝛽, created during the transformation from beta upon 
cooling from above the beta transus, or high within the 𝛼-𝛽 phase field. This can also 
be produced through aging of the 𝛽, although this is usually too fine to resolve using 
light microscopy.[16] 
 
Alpha + Beta (𝛼+𝛽) Alloy 
𝛼 + 𝛽 alloy contain 4-6 weight % (wt%) of 𝛽-stabilisers, allowing substantial amounts of 
𝛽 being retained during the quenching of 𝛽 to 𝛽 + 𝛽 phase fields. The material is also of 
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high strength and formability. The 𝛽 phase in this instance of BCC structure has a ductile-
brittle transition temperature; tending to be above room temperature.[5] Properties 
outlined from AZOM[15] include: 
• Heat-treatable to varying extents.  
• Most are weldable with risk of some ductility loss in weld area.  
• Medium to high strength levels.  
• Hot forming is common, but cold forming creates difficulties.  
 
Beta (𝛽) Alloy 
𝛽 alloy are defined as material with enough total 𝛽 stabiliser content to retain 100% 𝛽 
phase upon quenching from above the 𝛽 transus.[17] The 𝛽 transus temperature is 
defined as the lowest temperature upon which the titanium is 100% 𝛽, useful in the 
deformation processing and heat treatment applications of titanium alloy.[13] The 
stability of 𝛽 phase is a critical parameter in the mechanical properties of 𝛽 alloy.[3] There 
are also two groups of elements that stabilise the crystal structure of 𝛽 alloy through 
lowering the transus temperature. The first groups are elements where the 
crystallography crystals are closely similar in shape and are defined as an isomorphous 
group. The second group of elements that stabilise the crystal structure are eutectoid 
systems, where the material has a minimum transformation temperature between the 
mixture of metals and the solid solution. 
 
Titanium 𝛽 alloy shares many of the strengths outlined in Section 2.1 for general titanium 
alloys. The additional advantages and disadvantages are outlined in Table 1.[18] 
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Table 1: Titanium beta alloy advantages and disadvantages[18] 
Advantages Disadvantages 
• High strength/high toughness 
• High fatigue strength 
• Good hardenability 
• Low forging temperature 
• Cold formable 
• Easy to heat treat 
• Excellent combustion resistance 
• Strip producible, allows for low cost 
thermomechanical processing 
• High density 
• Low modulus 
• Poor low and high temperature 
properties 
• Small processing window 
• High formulation cost 
• Segregation problems 
• High spring-back 
• Microstructural instabilities 
2.4 Titanium β21s Alloy 
A relatively new metastable titanium alloy 𝛽21s was initially introduced on Boeing 
aircraft for high temperature uses (from 228°C to 593°C[1]), where previously high-
strength low-alloy (HSLA) steel was used; resulting in hundreds of kilograms of weight 
savings.[19]  Although this is the typical temperature range, the alloy is sufficiently stable 
up to 816°C.[1]1  
 
Alloys are not traditionally used for high temperature applications due to the typically 
poor corrosion resistance and deformation properties, but 𝛽21s is an exception.[19] The 
alloy offers high specific strength and good cold formability,[1] and is the only titanium 
alloy that is resistant to attack by thermally decomposed hydraulic fluid. The use of 𝛽21s 
is accompanied with higher costs, reducing their rate of application; but their increase in 
use in the aerospace industry is rising due to the performance increase associated with 
the alloy itself.[19] A materials document containing the chemical composition, heat 
treatment requirements, physical properties, and notes, are given in Appendix A. 
 
Whilst a lack of information is evident in industry, the work of past thesis with respect to 
the material is incorporated into the report. The peak hardness condition of an alloy is 
essential to be aware of when testing or heat-treating a material. Work from past UQ 
                                                        
 
1 Whilst the literature claimed that the material is stable to this temperature, it has been found in practical applications that the alloy’s 
properties are changing at temperature lower than this. Refer to Appendix C and D for further information. 
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students Hagan and Campbell [20, 21], were incorporated into the broader study for Dr. 
Michael Bermingham, and provided information in regards to this peaked hardness 
condition. The studies tested through a variety of differing temperatures and aging times, 
with the result proving that the condition upon which the material was able to reach peak 
hardness through a heat treatment was 420°C for 72 hours. This range produced the 
maximum hardness ability of the material, which in turn, will be utilised to simulate the 
industry-use condition for the alloy in real scenarios. Relevant results of these past tests 
are shown in Appendix C and D. It is clearly defined that any reference to “industry-use”, 
“peaked”, or a combination of these terms, refer to the heat treatment of 400°C for 72 
hours that produced the peak hardness in the alloy. 
2.5 Heat Treatment of Titanium Alloys 
The heat treatment of titanium alloy is completed for the following reasons: 
• Reduces residual stresses. 
• Produces optimum ductility. 
• Increases machinability. 
• Improve dimensional and structural stability. 
• Increase strength through aging and solution treating. 
• Optimises fracture toughness. 
• Improves fatigue strength and high-temperature creep strength. 
 
The heat treatment response given by titanium and its alloys depends on their 
compositions.[13] The microstructure understanding in titanium alloys in regards to heat 
treatment is still in its infancy due to the complexity of the multiple microstructure 
evolution pathways.[8] 
 
Annealing 
Annealing is a type of heat treatment that alters the properties of the material. Annealing 
titanium and its alloys is done for the following property changes: 
• Improves the fracture toughness. 
• Increases ductility at room temperature. 
• Develops dimensional and thermal stability. 
• Increases creep resistance.[13]  
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Typical annealing treatments are specified in Donachie[13]: 
• Mill or grind annealing, generally given to all milled products; this treatment may 
leave working in the product’s microstructures. 
• Duplex annealing, completed for improvement of creep resistance and fracture 
toughness. Involves a first anneal near 𝛽 transus, then a second lower-temperature 
anneal to precipitate 𝛼 particles.  
• Recrystallization annealing; done to improve fracture toughness. Involves heating to 
the upper 𝛼 − 𝛽 range, held, then slowly cooled.  
• 𝛽 annealing; used to improve fracture toughness. This annealing process occurs 
above the 𝛽 transus temperature; timing controlled by the sample size. 
 
Solution Treatment and Aging 
Solution treating and aging is done to develop higher strengths than what is possible 
compared to other heat treatments. The process involves heating the titanium to a 
specified temperature so the material is in the 𝛽 phase region, then followed by quenching 
in oil, air, or water, to trap the 𝛽 phase with no 𝛼 phase or other phases precipitating. After 
the quenching process is complete, the material undergoes aging. The aging process 
involves the reheating of the material to a temperature typically between 425 and 650°C 
for approximately two hours.[22] Recommended solution and aging treatments for 
titanium alloy is represented in Appendix B. 
2.6 Precipitation Hardening 
Precipitation hardening for commercially pure titanium is widely used in mechanical and 
structural components in the nuclear industry, chemical and aerospace industries to 
enhance the performance of metastable 𝛽 Ti alloys, [23] in particular to improve their 
hardness and strength. The process is frequently employed through the aging treatment; 
which also inevitably leads to an increase in the stiffness of the material, this property 
known as the Young’s Modulus.[24] The modulus is defined as the ratio of the amount of 
stress a material can undergo against the strain or stretch the material can withstand. 
 
The precipitation hardening process is based on the formation of uniformly dispersed 
particles of a second phase within the original phase matrix through heat-induced phase 
transformations. These particles are “precipitates”, where the process can also referred 
to as “age hardening”, as the strength of the alloy increases over time.[25]  
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The precipitation hardening process is done through two primary processes. The first 
process of solution heat-treating involves heating a material to the point where all solute 
atoms are dissolved to form a single-phase solid solution. The second process is 
precipitation heat treating, where heating the material specifically is completed to form 
precipitates and improve the material’s properties.[25] Figure 3 is an example of a 
precipitation hardening process in terms of temperature and time. 
 
 
Figure 3: Precipitation hardening example[25] 
2.6.1 𝛽 Ti Alloy Precipitation Hardening 
The precipitation hardening of metastable 𝛽 Ti alloys can be accomplished through the 
formation of 𝛼 or isothermal 𝜔 (𝜔𝑖𝑠𝑜) precipitates in the 𝛽 matrix during aging; where 
𝜔𝑖𝑠𝑜  has high modulus and undesirable brittleness, therefore being a detrimental phase 
to the alloy. As the alloy typically requires a low modulus, the 𝜔𝑖𝑠𝑜 aims to be suppressed, 
therefore the goal is to develop the 𝛽 + 𝛼 microstructure of higher strength and lower 
modulus alloy. [24] 
 
The 𝜔𝑖𝑠𝑜 phase formation can be suppressed through alloying or thermo-mechanical 
treatment; either through the metallurgically difficult alloying element of oxygen, or 
during a high temperature and time aging process. At low or intermediate temperature, it 
is experimentally known that 𝜔𝑖𝑠𝑜 phase forms, where at higher temperatures, 𝛼 phase 
nucleates, grows and replaces 𝜔𝑖𝑠𝑜 phase. The result of increasing the aging temperature 
and aging time, is that the 𝛼 phase can become more course, where a finer phase is 
favourable due to its ability to improve yield and fatigue strength.[24, 26] 
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𝛼 phase of 𝛽-type Ti alloys also tend to nucleate preferentially at defects in the 𝛽 matrix, 
i.e. at dislocation and grain boundaries. This has shown to influence the suppression of 
𝜔𝑖𝑠𝑜 phase, and promotes fine 𝛼 phase. The 𝛼 phase is to be confined to low volume 
fraction owing to higher modulus, and the content of 𝛽-stabilisers should also be 
maintained at a low level. High level 𝛽-stabilisers leads to high modulus of 𝛽 phase, where 
this is not desirable.[24] 
2.7 Metallography and Microstructures of Titanium 
The thermo-mechanical processing of titanium alloys creates complex microstructures 
that contain inter-connected features spanning a wide range of length scales (nm-
mm).[26] 
 
2.7.1 Macro-examination 
The macrostructural examination of titanium alloys provides information on melting 
defects or anomalies, qualitative assessment of grain refinement and uniformity, and 
determination of grain flow in forged products. The main principal defects found in 
macro-sections involve the following that are outlined.[16] 
 
High-aluminium defects 
Also known as HADs or type II defects. The aluminium defects contain abnormally high 
amounts of aluminium that are soft areas, referred to as “𝛼 segregation”. 𝛽 segregation is 
then referred to as aluminium depleted titanium alloy.[16] 
 
High-interstitial defections  
Referred to as HIDs, type I defects or low-density interstitial defects. These defects are 
high in oxygen and/or nitrogen which stabilise the 𝛼 phase.[16] 
 
𝛽 flecks and high-density inclusions (HDI) 
Regions upon which are enriched in 𝛽-stabilising elements found especially with 𝛽 alloys 
as they have much higher amounts of 𝛽-stabilising additions. The enrichment of the 
localised region with 𝛽 stabilisers lowers the 𝛽 transus, and therefore changing the 
microstructure locally, enabling their detection. The flecks occur if the temperature is 
above the transus in the “flecked” region.[16] This has two effects: 
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1. Lowers the 𝛽 transus through vanadium enrichment in 𝛼-𝛽 alloys. This is 
especially observed during the heat-treatment of this type of alloy, with the 
microstructure consisting primarily of 𝛼 and transformed 𝛽. 
2. Causing instability when bringing the 𝛽 down to room temperature, with 𝛽-
stabiliser enrichment in the flecked regions of 𝛽 or near-𝛽 alloys. This is avoided 
by solution treating samples at a specific temperature below the 𝛽 transus; causing 
alpha to form, and the 𝛽 fleck regions will be above or nearer the transus. These 
regions would also be harder, have higher strength, and lower ductility due to the 
alloy’s lack of 𝛼.[16] 
 
2.7.2 Micro-examination 
Bright-field illumination can reveal the microstructure or prepared alloys in most cases. 
Image enhancement can also be achieved by using plane-polarised light or slightly 
uncrossed polarised light. There are several structures that can be analysed on the 
microstructure.[16] 
 
Alpha structures 
𝛼 may appear acicular, lamellar, plate-like, serrated, or Widmanst?̈?tten. Equiaxed alpha 
grains are also developed through the annealing of cold-worked titanium alloys above the 
recrystallization temperature. Elongated 𝛼 grains are formed from unidirectional 
working of the metal.[16] 
 
Generally, when heat treatment is below the transus temperature, the structure is 
completely lamellar. The microstructure of heat treatments at varying relations to 𝛽 
transus temperature is shown in Figure 4.[16] 
 
Figure 4: Effect of heat treatment for lean beta alloy Ti-10V-2Fe-3Al. (a) Below beta transus. (b) Just below beta transus. (c) 
Above beta transus[16] 
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Acicular or lamella 𝛼, the latter of which form below the 𝛽 transus temperature, is the 
most common transformation product formed from 𝛽 during cooling. A packet of acicular 
𝛼 grains aligned in the same orientation is called a “colony”, with “colony size” being an 
important microstructural feature. Lamella 𝛼 forming from 𝛽 grains will also appear to 
have a singular orientation. Often the long grains of 𝛼 produce preferred planes in the 𝛽 
matrix that produce plate-like microstructures on the alloy. Aging retained 𝛽 forms alpha 
that is too fine to be resolved by optical microscopy.[16] 
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3 Experimental Method 
3.1 Materials and Preparation 
Titanium β21s alloy was heat-treated and tested under a variety of conditions using the 
following equipment. Images and visual depictions of all equipment and techniques are 
shown in Appendix E. 
• MV Model MIHM-VOGT P6/B Furnace. 
• PPE; i.e. safety goggles, safety gloves, tongs, gloves. 
• Specimen metal basket. 
• Silicon-carbine paper of varying roughness. 
• PolyFast (phenolic mounting resin with carbon filler, for edge retention and 
examination in SEM. Thermosetting). 
• Struers CitoPress-30 (mounting machine). 
• AntiStick (mould release agent to avoid sticking during the mounting process). 
• Struers TegraForce-5 (grinding machine). 
• Lubricant solution for polishing (90% OPS – 10% H202). 
• Struers TegraPol 31 (polishing machine). 
• Duramin (hardness testing machine). 
• Ethyl Alcohol (CH3CH2OH). 
• Kroll solution (200ml H20, 5ml HF, 10ml HN03)  
• Instron 5584 Tensile Test Machine. 
• Reichert Jung Polyvar Met Microscope with Canon EOS 5D Mark II camera. 
• 13 rectangle β21s titanium alloy specimens. 
• 20 tensile bars β21s titanium specimens, geometry shown in Appendix F. 
3.2 Heat Treatment Process 1 
There were several heat treatment processes that were completed experimental process, 
this being separated into two sections, the first being the peaked-hardening heat 
treatment for 400°C for 72 hours. 
 
3.2.1 Peaking 
1. The MV Model MIHM-VOGT P6/B Furnace (Appendix E) was set to 400°C. 
2. Once the furnace reached the required temperature, 10 tensile β21s bars and 3 β21s 
square titanium specimens were placed in metal baskets. These were then placed 
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using appropriated PPE (i.e. safety goggles, safety gloves, tongs), into the furnace set 
to 400°C for 72 hours; this being the peaked-hardness condition for titanium β21s 
alloy. Prior testing confirming this as the industry-use condition is shown in Appendix 
C and D.[27] 
3. The specimens were removed from the furnace and air cooled to room temperature. 
 
3.2.2 Heat Treatments 
1. The MV Model MIHM-VOGT P6/B Furnace (Appendix E) was set to the first 
temperature of 566°C, this being the second quartile of the recommended 
temperature from the material properties in Appendix A. 
2. Three β21s square samples were placed in the furnace for 8 hours at this temperature. 
This range is the lowest aging time recommended from the materials property data 
sheet (Appendix A). 
3. The samples were removed and then air cooled to room temperature. 
4. Steps 1-3 were repeated for same temperature at 16 hours, the highest aging time in 
the range from Appendix A. 
5. Steps 1-4 were repeated for 679°C, the highest temperature in the material aging 
range from Appendix A. 
3.3 Material Testing 1 
3.3.1 Mount 
To find the heat treatment that creates the most ductile β21s alloy, the square samples 
from Section 3.2.2 underwent a hardness test along with an “as-received” square samples. 
To prepare the samples for the hardness test, the individual specimens were mounted on 
a block using the following steps: 
1. The Struers CitoPress-30 (Appendix E) was wiped and scrubbed with metal cloth 
to ensure leftover Polyfast did not interfere with the moulding process. 
2. AntiStick was applied on the sections on the press that made contact with the 
process. 
3. The first specimen from the previous section that was heat-treated for 566°C for 8 
hours, was placed in the machine ready for mounting. 
4. The specimen was lowered using the press, and 15ml of PolyFast was slowly 
funnelled into the press to be used as the resin. The following settings were used 
(Appendix E): 
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a. Heating 
 180°C. 
 3.5 minutes. 
 325 bar. 
b. Cooling 
 High. 
 1.5 minutes. 
5. After the 5-minute process was complete, the specimen now mounted in the block 
was raised and removed from the machine. 
6. Steps 1-5 were repeated for the heat-treated specimens from Section 3.2.2, as well 
as the as-received material. 
 
3.3.1 Grinding 
The mounted blocks underwent a grinding process to allow for visibility of the 
microstructure for the hardness testing and microstructure analysis. The following steps 
were completed: 
1. Water was firstly applied to the Struers TegraForce-5 (Appendix E) machine to 
ensure it was well lubricated. 
2. 1200/4000 roughness circular silicon carbine paper was placed on the machine, 
with a metal ring placed on top to latch the sandpaper down. 
3. The rotation section of the machine was lowered and the mounted samples were 
placed to begin the grinding process. 
4. The custom option of SIC-Pap #1200 was used in the machine and the samples were 
grinded for 90 seconds. 
5. After the grinding was finished, the samples were removed and washed in water.  
Ethyl alcohol was applied lightly to the sample, and then the material was dried 
using the air-pressure gun. 
 
3.3.2 Polish 
The samples were polished to allow for clearer observation for the hardness test and 
microstructure analysis. 
1. The grinded blocks were placed back into the Struers TegraPol-31 (Appendix E), to 
polish the samples. 
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2. The samples were operated under the polishing program of 300RPM without water 
for approximately 5 minutes, with a consistent 10ml lubricant solution (90% OPS – 
10% H202) added via pipette to the centre of the polishing disk throughout the 
polishing process. 
3. After the grinding was finished, the samples were removed and washed in water.  
Ethyl alcohol was applied lightly to the sample, and then the material was dried using 
the air-pressure gun. 
 
3.3.3 Etching 
The etching process involves the use of Kroll solution to create a smooth surface on the 
specimens from the previous sections. 
1. The specimens from Section 3.3.2 were placed in the secure chemical safe sink. 
Appropriate PPE (i.e. gloves, lab coat, safety googles) were used. 
2. Several drops of the Kroll solution were then applied to the sample side of the 
mounted material using a pipette. 
3. After 5 seconds or after a reaction is observed on the material’s surface, the sample 
was flooded with water. Ethanol alcohol was applied to the sample, followed by drying 
with the air pressure gun. 
 
3.3.3 Hardness Test 
1. The test block was first inserted into the Struers Duramin (Appendix E) machine to 
calibrate the machine and testing method. 
2. The samples from the previous parts were taken were inserted into the Struers 
Duramin machine to apply the hardness test. 
3. The hardness test was applied through the diamond indentation in the sample. 15 
indentations taken at different points on the sample were completed and recorded. 
4. Step 3 was repeated for each temperature and time range. The most ductile (lowest 
hardness value) condition was recorded to be used for sequential sections. 
3.4 Heat Treatment Process 2 
After the most ductile heat treatment was found from previous sections, this information 
was then used for testing the titanium condition for the two sections following. 
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3.4.1 Industry Use Condition Then Heat-Treated 
1. The MV Model MIHM-VOGT P6/B Furnace (Appendix E) was set to the temperature 
that was the most ductile from Section 3.3.3. 
2. The three β21s square titanium peaked square materials, and 5 of the 10 peaked 
tensile bars from Section 3.2 were placed into a heat-proof metal basket, and then into 
the furnace using the appropriate PPE, for the temperature and aging time that proved 
most ductile from the previous section. 
3. The samples were removed and then air cooled to room temperature. 
 
3.4.2 Heat-Treated Then Industry Use Condition 
1. The MV Model MIHM-VOGT P6/B Furnace (Appendix E) was set to the first 
temperature that was the most ductile from Section 3.3.3. 
2. Three β21s square titanium virgin specimens, three peaked square materials, and five 
virgin tensile bars were placed in the furnace for the temperature and aging time that 
proved most ductile from the previous section. 
3. The samples were then removed and then air cooled to room temperature. 
4. The MV Model MIHM-VOGT P6/B Furnace (Appendix E) was reset to the peaked-
hardening condition temperature of 400°C. 
5. The heat-treated specimens from Step 2 were placed into a heat-proof metal basket, 
and then into the furnace for 72 hours whilst using the appropriate PPE. 
3.5 Tensile Tests 
The following tensile test method was used: 
1. Using the Instron Bluehill 3 program, the parameters to be tested were set, as well as 
the following equipment for the testing used: 
• 10kN load cell. 
• 25mm extensometer. 
• 0.5mm/min cross-head speed. 
• Mechanical grips. 
2. The geometry of tensile bars to be tested where measured; the geometry for the 
tensile bars shown in Appendix F. 
3. One virgin material tensile bar specimen was placed in the extensometer using rubber 
bands (Appendix E). 
4. The return button on the Intron 5584 was pressed to reset the machine. 
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5. The extensometer with the tensile bar secured, was clamped into the mechanical grips 
on the Intron 5584 with even spacing between the top and bottom of the sample 
(Appendix E). 
6. The machine was reset on the program using “Balance All” setting. 
7. The “Start Test” option was selected, then the test began. The test continued until 
failure of the tensile bars, and the results were recorded. 
8. Repeat Steps 2-7 for the remaining four virgin tensile bars. 
9. Repeat Step 2-7 for the: 
• Five industry-peaked tensile bars. 
• Five industry-peaked then optimal heat-treated tensile bars. 
• Five optimal heat-treated then industry peaked tensile bars. 
3.6 Analysis Method 
3.6.1 Microscopic Structure 
1. The Reichert Jung Polyvar Met Microscope (w/ Canon EOS 5D Mark II camera) was 
switched on and the in-box software was utilised. 
2. Mounted, grinded, and polished square samples from previous sections where the 
microstructure was desired to be analysed, was placed on the analysis block similar 
to Appendix E. 
3. The view was alternated to the desired magnification and the attached camera was 
used to capture photos, where slight adjustments for a clear photo were made. 
4. The photo was saved, and a measurement stamp was placed on the sample for scaled 
comparison between the microstructure images. 
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4 Results and Discussion 
The results will be separated into three sections: hardness testing, tensile testing, and 
then microstructure analysis.  
4.1 Hardness Tests 
Hardness tests were completed on the varying heat-treatment β21s titanium alloy square 
samples. The original hardness results table is shown in Appendix G along with the 
standard deviation information, with averages shown in Figure 5. 
 
Figure 5: Heat treatment hardness test results 
The lower the HV measurement, the more ductile the material is. Figure 5 shows that the 
virgin material was the most ductile, as expected, and the heat treatment for 679°C for 8 
hours was the most ductile heat-treated condition.  
 
Due to the use of one titanium sample for the hardness testing, natural error in the heat 
treatment of the sample could have occurred and effected the results. The slight variation 
of the method based on human error during the titanium mounting, grinding, polishing or 
etching also could have affected the titanium sample to cause a change in ductility. The 
hardness test itself is unlikely to be an issue due to the vast number of tests done on the 
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sample. The most ductile material which was heat-treated for 679°C for 8 hours is then to 
be utilised as the specific heat treatment to use for further testing. 
 
To emphasise that heat treating the material before industry-use improves the properties 
of the alloy in comparison to the peaked-condition alloy, a sample underwent the heat 
treatment of 679°C for 8 hours and then put through the industry-use condition of 400°C 
for 72 hours. The hardness result in Figure 5 shows an increase in ductility. The change 
was not significant from the non-peaked to the peaked material; allowing for an 
assumption that the heat treatment allowed for an effective improvement in the alloy’s 
material properties during industry use. 
4.2 Tensile Tests 
4.2.1 Quantitative Results 
All raw data in regards to the tensile tests are found in Appendix H. Table 2 shows the 
averages of the key information from the tensile test results averaged. For convenience, 
the following variables will be assign to each set: 
• As-received material (virgin condition) is “Set 1” 
• 400°C for 72 hours (peak-hardness condition) is “Set 2” 
• 400°C for 72 hours then heat-treated for 679°C for 8 hours is “Set 3” 
• Heat-treated for 679°C for 8 hours, then 400 degrees for 72 hours is “Set 4” 
 
Table 2: Tensile test numerical results 
Set 
Classification 
Specimen Label Tensile Stress 
at Tensile 
Strength (MPa)  
Tensile 
Strain at 
Break (%) 
Young’s 
Modulus (GPa) 
Set 1 As-received material (virgin 
condition) 
778.084 15.3906 81.278 
Set 2 400°C for 72 hours (industry-
use condition) 
1175.85 1.192 118.274 
Set 3 400°C for 72 hours then heat-
treated for 679°C for 8 hours 
960.278 5.481 93.285 
 Set 4 Heat-treated for 679°C for 8 
hours, then 400 degrees for 72 
hours 
964.526 6.8122 88.522 
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Virgin Samples (Set 1) 
The five samples tested in Set 1 is shown in Figure 6.  
 
Figure 6: Virgin samples tensile results 
Analysing the data in Table 2 and Figure 6 provides the following key information on the 
samples. 
• The average tensile stress at failure point is 778.084MPa, the lowest average in 
comparison to the other sets of data. 
• Figure 6 shows a long, ductile response as shown by the extended strain after the 
yield point at approximately 15.4% strain (Table 2).  This is expected by the as-
received material. 
 
The as-received virgin sample provides excellent ductility and a low hardness; 
accompanied with a strength decrease in the form of the material being able to handle 
less stress than the other sample sets. The increased ductility is also accompanied by the 
lower Young’s Modulus of 81.278, less than the other heat treatment sets, meaning the 
virgin material is less stiff than the heat-treated samples. 
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Industry Use (400°C for 72 hours) Samples (Set 2) 
The samples that underwent the industry-use condition for 400°C for 72 hours were then 
tested; five sample results shown in Figure 7. 
 
 
Figure 7: Peaked samples tensile results 
The following observations can be made from Table 2 and the graph in Figure 7: 
• The average tensile stress at failure point is 1175.85MPa, the highest average in 
comparison to the other sets of data. 
• The higher tensile stress is accompanied by the lowest ductility and extension, as 
shown by the limited amount of extension after yield and failure. 
• The linear progression of the specimens is constant until an immediate brittle failure, 
not showing any yield point in reference to 0.2% offset. 
• The average strain value of 1.192% is also significantly less than the virgin material’s 
15.3906% strain. 
 
The stress the material experienced increased significantly from Set 1. The precipitates 
have formed and not only improved the strength of the material, but also increased the 
hardness of the samples; this being emphasised by the microstructure analysis in 
subsequent sections of this report. This sacrifice of reducing ductility for increased 
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hardness and load is a common method in industry, but in the context of this study is not 
specifically desired; hardness being the property that the report aims to adjust. 
 
There is also a lack of unique yield point to the brittle failure point, meaning there is 
minimum ductility in Set 2. This is expected from the industry-use material, as it is 
predicted a significant amount of alpha precipitates are being formed during the heat 
treatment, this being analysed further in Section 4.3 of this report. The samples then show 
a longer extension before yield, and subsequently failure, than the Set 1 samples. This 
complements the longer linear increase of stress versus strain in Figure 7. 
 
Industry Use (400°C for 72 hours) then Heat-Treated (679°C for 8 hours) Samples (Set 3) 
The industry-use then optimally heat-treated specimens underwent a tensile test, these 
graphically are shown in Figure 8. 
 
 
Figure 8: Industry then heat-treated samples tensile results 
The following key points were observed: 
• The average tensile stress at the failure point is 960.278MPa, the second lowest 
average in comparison to the other sets of data. 
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• Set 3 can withstand a higher strain of 5.481% than Set 2, but lower than Set 1; 
meaning the aging condition of 679°C for 8 hours was effective in decreasing 
hardness. 
• The ductility of the material, as evident from the strain % beyond the yield point is 
less than Set 1, but more ductile than Set 2.  
• This set of data can handle more stress than Set 1, but less than the Set 2; 
proportionally changing with the increased ductility. 
• Specimens 4 and 5 had a significantly higher failure strain than the first three 
specimens in this set. 
 
Set 3 alloy vastly improved the ductility of the material shown by the amount of strain 
beyond the yield point in comparison to Set 2. This is due to the heat treatment applied to 
the industry used material, relaxing the material’s hardness and in turn, reducing the 
precipitates, shown microscopically in Section 4.3 of this report. The desired effect of 
increased ductility and extension is achieved. There was also an increase with the Young’s 
Modulus. The process therefore provides a justification that heat-treating the material 
after industry use with the recommended aging process from the manufacturer does 
improve the material properties. 
 
The 4th and 5th specimens were tested on a separate day in comparison to the first three 
specimens. The difference could have been a slight variation due to human error of the 
tensile test method, which varies from the first to the second day. 
 
Heat-Treated (679°C for 8 hours) then Industry Use (400°C for 72 hours) Material (Set 4) 
Lastly, the as-received material was heat-treated at 679°C for 8 hours, then peaked at 
400°C for 72 hours to replicate industry use. The stress and strain data is shown in Figure 
9. 
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Figure 9: Heat-treated then peaked samples tensile results 
The following observations from Figure 9 and Table 2 were then made: 
• The average tensile stress at failure point is 964.526MPa, the second highest average 
in comparison to the other sets of data. 
• The average tensile stress before failure the set of materials underwent is slightly 
more than Set 3. 
• These samples have an increased yield point strain, as well as an increased strain at 
failure in comparison to both Set 2 and Set 3.  
• Similar to Set 3, the 4th and 5th specimens had an increased yield and failure point 
due to variation in testing. 
 
Set 4 provided an improvement in ductility, strain and stress than Set 3. This provides 
evidence that heat-treating before industry use will produce a material with less 
hardness, lower strength, higher Young’s Modulus, and a more ductile material than the 
specimens heat-treated after. 
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The 4th and 5th specimens were also tested on a separate day in comparison to the original 
three. The extension of both the yield point and failure point could have been a slight 
variation due to human error of the tensile test method. 
 
It is therefore concluded that the most effective method in increasing ductility in these 
testing conditions is Set 4, the material that underwent the aging before industry use. 
Whilst it did not reach the same properties that the virgin material possesses, the method 
was effective in showing an improvement in comparison to the peak-hardness material. 
 
4.2.2 Tensile Bars Visual Observation 
The tensile bars visually in their sets are shown in Figure 10. 
 
Figure 10: Tensile bars (a) Virgin sample. (b) Industry use condition sample. (c) Optimally heat-treated then industry peaked 
sample. (d) Industry peaked then optimally heat-treated sample. 
The visual appearance of the samples show that the virgin samples in Figure 10 (a) are 
the manufactured appearance of the alloy with no corrosion or defects. The industry 
peaked sample in Figure 10 (b) shows a clear layer of oxidation which is the blue patches 
on the alloy. The optimally heat-treated then peaked samples in Figure 10 (c) are 
observed to be the most like the manufactured condition, with a lack of visual corrosion. 
The final specimens which are the industry-peaked then optimally heat-treated samples 
in Figure 10 (d), are the most effected visually; visible corrosion and precipitation being 
observed on the tensile bars. 
 
Whilst this result is not significant exclusively, this provides a complementary 
observation to the results from Section 4.2.1. The virgin and heat-treated then industry-
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peaked materials produce the best results in terms of ductility and lack of hardness, and 
they visually appear to be the least effected by the industry-use condition. The most 
effected visually are the industry-peaked, and the industry-peaked then heat-treated 
samples, these being the least effective in terms of ductility. 
 
What should also be noted is the breaking point of the tensile bars during the tensile tests 
being shown in Figure 11. 
 
Figure 11: Tensile bars breaking point (a) Virgin sample. (b) Peak-hardness sample. (c) Heat-treated then peaked-hardness 
sample. (d) Peak-hardness then heat-treated sample. 
The virgin material shown in Figure 11 (a) failed at the expected point, in the middle of 
the material; meaning it had the most accurate extension measurement in the samples. 
The industry-peaked samples in Figure 11 (b) break close to the edges, proving the brittle 
nature of the samples. The samples with heat treatments shown in Figures 11 (b) and (c) 
both have similar breaking sections, not as effective as the virgin, but improved from the 
industry-peaked samples. 
4.3 Microstructure 
The microstructures related to these heat-treated samples are analysed to detect what 
effect the aging or peaking condition had on the samples in terms of how the precipitates 
and phases were changed. Any additional microstructure images not included in this 
section are included in Appendix B. The four different stages of the heat treatments 
analysed in this report are shown in Figure 12, where it is noted that Figure 12 (a) is 
sourced from past thesis due to lack of a effective imaging sourced during the 
experimental procedure.[21] 
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Figure 12: B21s alloy micrographs after etching with Kroll's reagent with 50x microscopic zoom for (a) As-received from past 
thesis.[21] (b) 400°C for 72 hours (peaked). (c) 679°C for 8 hours (optimal aging). (d) 679°C for 8 hours (optimal aging) then 
400°C for 72 hours (peaked). 
Firstly, the as-received material in Figure 12 (a) shows homogenous grains presented as 
the dark lines, being of approximately 20-40 μm in diameter. These grains are emphasised 
by the etching agent. The remainder of the microstructure consists of alpha phase without 
precipitates represented by the white space. It is noted that there are also dark spots 
present, these being polishing artefacts and imperfections as opposed to relevant 
information for discussion. 
 
Figure 12 (b) then shows the industry-peaked condition. Whilst less etched than Figure 
12 (a), what is evident with the aging is the precipitation of the equilibrium alpha phase 
occurring homogeneously within the beta grain boundaries; these grains being the same 
size of 20-40 μm in diameter as Figure 12 (a). The alpha fills the beta grains, this being a 
maximum volume fraction of equilibrium alpha within these grains as they have reached 
the edge of the pentagonal shape. These alpha precipitates evolve from the centre of the 
grain boundaries as noted by past literature[21] in earlier times of the aging process and 
Alpha precipitates forming 
inside grain boundary 
50 μm 
Homogenous grains 
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expand outward. Past literature also shows that with further etching, the other grain 
boundaries on the surface would also have these filled grain boundaries, similar to the 
grain boundary outlined in Figure 12 (b). The alpha precipitation is the cause of the brittle 
nature of the alloy, as the precipitate free space is reduced. The temperature was also low 
enough to not drastically formulate alpha precipitates in comparison to the aging heat 
treatments in Figure 12 (c) and (d).  
 
Figure 12 (c) shows the microstructure of the aging heat treatment of 679°C for 8 hours, 
the optimal aging condition. The clear variation between this sample’s microstructure and 
Figure 12 (a) and (b) is the increased coarsening of the alpha precipitates; whilst also 
showing a lack of, and therefore decomposed beta grain boundaries. The larger alpha 
precipitates in the alloy early in the heat treatment process begins to consume the smaller 
precipitates to reduce the interfacial energy of precipitates and achieve a more stable 
state. [20] Due to this beta phase breakdown in Figure 12 (c), the average interparticle 
spacing has clearly decreased with the high temperature aging application. This has 
therefore decreased the alloy’s ability to lock dislocation motion, and in turn decreases 
the hardness in the material.[20] This is supported further by the thick, dark alpha lines 
scattered throughout the microstructure, and the minimal beta phase represented as 
white spaces. The result of the reduction in hardness in comparison to the peaked 
hardness condition in Figure 12 (c) is also supported after this peaked condition of 400°C 
for 72 hours; this being the material’s state of highest resistance to dislocation motion.  
 
Figure 12 (d) then shows the material that underwent the 679°C for 8 hours heat 
treatment, and then the peak-hardness heat treatment at 400°C for 72 hours. The sample 
shows an expected progression from Figure 12 (c), with further transformation of beta 
into alpha precipitates, with the now almost non-existent grain boundaries to produce the 
more stable state. The increase in hardness from the hardness results (Figure 5) is 
supported by the notion that the heat treatment of 400°C for 72 hours is the ideal 
condition to form precipitates in the alloy. This is shown by the clear increase in alpha 
represented by the dark areas in Figure 12 (d). It is noted that the sample has also been 
over-etched, producing darker marks in comparison to the previous microstructures. 
 
The optimal heat treatment of 679°C for 8 hours was found through the hardness tests of 
four varying temperature and aging time ranges. The microstructures of the various aging 
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heat treatments are shown in Figure 13, noting that any additional microstructure images 
are shown in Appendix B.  
 
 
Figure 13: Micrographs from B21s alloy after etching with Kroll's reagent for 50x zoom (a) 566°C for 8 hours. (b) 566°C for 
16 hours. (c) 679°C for 8 hours (Same as Figure 12 (c)). (d) 679°C for 16 hours.  
Figure 13 (a) evidently show clear beta grain boundaries of approximately 20-50μm in 
diameter represented by the black polygonal lines. In comparison to the grain boundaries 
in Figure 12 (b), the higher temperature proves to break down the beta boundaries, 
although there is less volume fraction of alpha precipitates filling the boundaries due to 
the decreased amount of aging time. The appearance of beta phase not being transformed 
into alpha phase is also shown within this 8-hour treatment. 
 
Figure 13 (b) provides an observation that there is an increased amount of alpha 
precipitates due to the longer aging time in comparison to the Figure 13 (a). These 
precipitates are presented as fine alpha platelets represented as dark sections; filling the 
entirety of the grain boundary, and therefore increasing the hardness of the material. 
 
(a) (b) 
(c) (d) 
Beta phase evident 
Fine alpha precipitates 
Grain boundaries 
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Explained previously is also the optimally heat-treated 679°C for 8-hour sample in Figure 
13 (c), repeated for side-by-side comparison in this section. A clear breakdown of the beta 
grain boundaries in comparison to Figure 13 (a) and (c) is shown due to the higher 
temperature tested. This had the effect of having a lower hardness than these previous 
heat treatment samples. As explained prior, this is due to the material passing its peak 
hardness of 400°C which was closer in temperature to 566°C, where the higher 
temperature of 679°C decreasing the interstitial spacing, preventing dislocations, and 
therefore improving the ductility. 
 
The heat treatment with the highest temperature and the longest time, 679°C for 16 
hours, is shown in Figure 13 (d). This sample has very clear grain boundaries of 
approximately 20-50 μm with a high-volume fraction of alpha phase evident by the darker 
areas. What is not as showcased is the high number of course alpha lines that existed in 
Figure 13 (c), providing an explanation for the increased hardness of the condition due to 
its amount of precipitate free area. 
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5 Conclusion 
The following statements summarise what was concluded throughout the testing and 
analysis procedures: 
1. It was found the most effective heat treatment in terms of ductility was 679°C for 
8 hours, which is explained through a combination of the alpha precipitates 
effectively filling the beta grain boundaries in the lower temperature heat 
treatments, and a lack of coarse alpha grains forming in longer heat treatments.  
2. Applying this heat treatment prior to industry-use was found to provide the best 
results in comparison to applying the heat treatment after. The improvement was 
not significant enough to drastically effect industry heat treatment application. 
3. Testing proved that the heat treatments did improve the industry-use material 
both before and after, using the recommended manufacturer testing conditions. 
4. Whilst improvement was observed, the increase in ductility was not able to 
approach the properties of the virgin material.  
5. What can be suggested from this study though is that heat treating virgin material 
is more effective than heat treating after industry-use in producing better ductility 
in β21s alloy.  
 
Further testing can develop a more thorough analysis that could incorporate results from 
this study, to then increase the amount of information in industry about the titanium β21s 
alloy. 
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6 Recommendation For Further Studies 
There are several recommendations for further studies: 
- More heat treatment variations. This could include testing more in the 
manufacturer’s (Appendix A) range for different temperatures and times, or even 
outside the ranges. The material information could then be utilised to develop a 
completely new heat treatment to increase the ductility of the alloy. 
- Applying heat treatments before and after industry use, possibly producing 
improved results in ductility and material properties. 
- More samples in general to be tested would improve this result and create a more 
accurate average, therefore improving the results of the study. 
- Tensile tests could have also been completed on the optimal heat-treated 
condition. This would have improved the analysis. 
- More microstructure analysis. To be able to analyse more microstructures, 
including the virgin material and peaked material, a more accurate description 
could be outlined. Varying methods could also be utilised for analysis, including 
Scanning Electron Microscopy (SEM) machines. 
- 3D microstructure analysis could also be utilised, as … “due to the complex nature 
of titanium microstructure, two-dimensional images provide very limited 
information…”  [26] This could provide further detail to the breadth of the research 
as many details are either misinterpreted or not observed during two-dimensional 
analysis.  
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8 Appendices 
Appendix A: Timetal 𝛽21𝑠 Material Information 
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Appendix B: Microstructure Photos 
Industry-Use (Peaked) 
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566°C – 8 Hours 
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566°C – 16 Hours 
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679°C – 8 Hours 
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679°C – 16 Hours 
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100x 
 
 
679°C – 8 Hours – Then Peaked 
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Appendix C: Tensile Testing Previous Data 
 
 
 
Appendix D: 400 Degrees 72 Hours Peaked Condition Results 
 
 
0
200
400
600
800
1000
1200
1400
1600
1800
0 0.05 0.1 0.15 0.2
T
en
si
le
 S
tr
es
s 
(M
P
a)
Tensile Strain (mm/mm)
Tensile Testing Data
As-received 3
400deg_1.5hr_2
400deg_8hr_3
400deg_72hr_2
0
200
400
600
800
1000
1200
1400
1600
1800
0 0.005 0.01 0.015 0.02 0.025
T
en
si
le
 S
tr
es
s 
(M
P
a)
Tensile Strain (mm/mm)
400 Degrees 72 Hours Heat Treatment (Peak Condition)
Sample 1 Sample 2 Sample 3
46 
Appendix E: Experimental Equipment Images 
Struers Tegraforce-5 
 
Struers Citopress 30 (1) 
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Struers Citopress 30 (2) 
 
Struers Citopress 30 (3) 
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Hardness Machine 
 
TegraPol-31 
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Instron 5584 Tensile Testing Machine 
 
 
Reichert Jung Polyvar Met Microscope (w/ Canon EOS 5D Mark II camera) 
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Appendix F: Tensile Bar Geometry[28] 
 
Where: 
𝑎 = 100𝑚𝑚, 𝑏 = 35𝑚𝑚, 𝑐 = 21𝑚𝑚, 𝑑 = 6.2𝑚𝑚, 𝑒 = 8𝑚𝑚, 𝑓 = 10𝑚𝑚 
 
Appendix G: Raw Hardness Data 
Hardness Testing Results Heat-Treated – It is noted that the standard deviation was 
calculated using Microsoft Excel’s built in Function. 
Test # As 
Received 
566°C for 
8 hours 
566°C for 
16 hours 
679°C for 8 
hours 
679°C for 16 
hours 
679°C for 8 
hours then 
Peaked 
1 341 379 386 350 417 414 
2 351 370 383 352 422 385 
3 331 369 387 351 374 375 
4 348 368 359 365 392 404 
5 328 381 391 374 397 391 
6 338 359 385 360 387 386 
7 343 356 370 351 387 401 
8 319 372 367 340 406 411 
9 331 358 383 349 387 388 
10 344 377 362 342 401 417 
11 341 359 368 347 401 400 
12 333 360 360 336 408 427 
13 355 354 378 324 378 391 
14 330 344 374 347 388 406 
15 329 370 385 344 382 402 
Average 337.4667 365.0667 375.8667 348.8 395.1333 399.8667 
Standard 
Deviation 
9.862386 10.3818 10.8092 11.8816 13.9584 13.9993 
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Appendix H: Tensile Test Raw Data 
Virgin Specimens 1 
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Virgin Specimens 2 
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Peaked Specimens 
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Peaked Then Heat-Treated Specimens 
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Heat-Treated Then Peaked Specimens 
 
 
 
